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The structural degradation of concrete structures due to reinforcement corrosion is major durability issue all over the world, primarily
when the rebar in the concrete is exposed to the marine or aggressive environment. In the present work, an attempt has been made in
predicting the service life of RC structures taking into account well known corrosion models. Parametric studies are completed on
Bazant’s model, Morinaga’s model, Wang and Zhao’s model and IRC model to study the impact of cover thickness, corrosion rate,
increase in diameter of the bar, perimeter of the bar, etc. This paper shows the consequences of the parametric investigation of the input
parameters for four chosen consumption corrosion damage models. The adequacy of the models in predicting the service life is shown
through four functional contextual analysis illustrations.
 2016 The Gulf Organisation for Research and Development. Production and hosting by Elsevier B.V. All rights reserved.
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The reinforcement corrosion is the main cause for the
structural deterioration, which is the real major durability
issue all over the world. The corrosion phenomenon is
mainly due to two main considerations, which cause rein-
forcement degradation in concrete to an unsatisfactory
degree. They are: (i) carbonation, and (ii) chloride induced
corrosion (Morinaga, 1988; Liang et al., 1999a,b). Carbon-
ation induced corrosion most commonly occurs in rela-http://dx.doi.org/10.1016/j.ijsbe.2016.07.001
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Peer review under responsibility of The Gulf Organisation for Research
and Development.tively dry environments where suﬃcient carbon oxide to
diﬀuse into the cover concrete is possible. However, in
chloride containing environments, the chloride ingress is
usually faster than the carbonation process, and it is more
likely to cause premature deterioration by degrading the
resistance of the structure leading to the end of service life
of a structure. It is very important to know that when
structural damage due to reinforcement corrosion becomes
visible, deterioration is usually at a late stage and it may be
too late to take any preventive or protection measures.
Therefore, the service life prediction based on corrosion
damage of reinforcement is particularly important. The
quality of concrete, for the most part the permeability, nat-
ure and force of cracks, and the cover thickness, have addi-
tionally an incredible bearing upon the start andduction and hosting by Elsevier B.V. All rights reserved.
Figure 1. Service life model of corroded structures (Tuutti, 1982).
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When reinforcement corrosion is started, it advances just
about at a relentless rate and abbreviates the service life
of the structures, by bringing on surface cracking and
hence spalling of the concrete cover because of develop-
ment of the stresses due to steel expansion (Bhargava
et al., 2006). The rate of corrosion straightforwardly inﬂu-
ences the degree of the remaining service life of a corroding
RC structure (Weyers, 1998).
An extensive variety of systems and analytical models
have been accounted for in the literatures that may be suit-
ably utilized for the observing of corrosion of steel in RC
structures with the end goal of diagnosing the reason and
degree of the reinforcement corrosion (Morinaga, 1988;
Liang et al., 1999a,b; Liang et al., 2009). The conditions
which prompt corrosion of steel in damaged concrete struc-
ture show noteworthy degradation, frequently when nearly
new, prompting the requirement for extravagant repair. In
most cases, either the structures are not suﬃciently strong
and durable enough or the appropriate maintenance had
been neglected (Ahmad et al., 2003).
With regard to the issue on cover cracking of reinforced
concrete, a considerable measure of lab tests and ﬁeld
examinations have been done by many researchers
(Bazant, 1979; Rasheeduzzafar et al., 1992; Cabrera and
Ghoddoussi, 1992; Andrade et al., 1993; Alonso et al.,
1998; Liu and Weyers, 1998; Mangat and Elgarf, 1999;
Vu and Stewart, 2005), and some hypothetical models to
predict the time of cover cracking have been proposed
(Bazant, 1979; Morinaga, 1988; Liu and Weyers, 1998;
Bhargava et al., 2005; Maaddawy and Soudki, 2007). The
models and results developed from the past study diﬀer,
mainly due to diﬀerent experimental methods, parameters
involved and various assumptions made while modeling
by the diﬀerent researchers. Many of the developed models
are based on experimental data (empirical), but some are
based on mechanics approach. Therefore, a comparison
of analytical model predictions for realistic structural con-
ﬁgurations and scenarios is useful when assessing their
applicability to service life predictions of RC structures.
However, the present study is limited to the parametric
study on four well known corrosion models presented in
Section 3.
In the present work, a detailed overview on the some of
the corrosion damage models for reinforced concrete struc-
tures is presented. Parametric investigations of the current
models have been carried out to know the inﬂuence of var-
ious input parameters associated with the models and ser-
vice life of case study examples predicted using available
information in the literature.
2. The concept of service life
The idea of service life prediction for RC structures is
currently turning into a range of expanding enthusiasm
for researchers. In this admiration, toughness of concrete
assumes an imperative part. Prediction models have beenestablished to foresee and evaluate basic service life in view
of material resistance and external loads because of aggres-
sive environment (Morinaga, 1988; Broomﬁeld, 1997;
Liang et al., 1999a,b; Ahmad et al., 2003; Liang et al.,
2009). The service life of a structure is characterized as
the time of time after establishment until such time when
expensive repair gets to be essential (Morinaga, 1988).
For RC structures in marine situations, the resistance of
concrete to chloride actuated degradation to a great extent
controls its long haul strength execution. Concrete weaken-
ing because of chloride-induced deterioration can be
explained to by a basic service life model comprising of
an initiation (start) stage and propagation (spread stage)
(Ahmad et al., 2003), demonstrated in Fig. 1.
The initiation stage is the time from starting introduc-
tion until depassivation of steel in concrete (Ahmad
et al., 2003). This is to a great extent subject to the rate
at which chlorides enter into cover concrete. The propaga-
tion stage is the time from the onset of steel corrosion until
a noticeable splitting of cover concrete or ﬁrst spalling.
Many engineers and researcher have related service life of
RC structures basically with the initiation stage, to keep
up auxiliary security and serviceability, worthy appearance,
and without needing to bring about unforeseen high
expenses for repair (Cusson et al., 2010, 2011).
The critical time tcr, the time at which concrete cover
spalls because of corrosion & is assumed to be the sum
of depassivation time (tp) and propagation period or corro-
sion period (tcor).
The most critical degradation component of these struc-
tures is chloride aﬀected reinforcement corrosion, which
eventually prompts loss of mechanical properties of the
structure.
3. Service life prediction models
A conceptual model for service life prediction of cor-
roded RC structures is developed by Tuutti (Fig. 1).
According to this model, there are two distinct periods in
deterioration caused by corrosion. The ﬁrst is the initiation
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Cl ions to diﬀuse to the steel-to-concrete interface and
activate corrosion. The second is the propagation period,
tp, which represents the time between corrosion initiation
and corrosion cracking. This model underestimates the
time to corrosion cracking. A few other researchers have
attempted to develop simple mathematical models for pre-
diction of time from corrosion initiation to corrosion
cracking (Bazant, 1979; Morinaga, 1988; Liu and Weyers,
1998). A summary of some of these models is presented
hereafter.
In this section a detailed description of some of the
mathematical models based on cracking of cover concrete
is presented. Thus the onset of corrosion induced cracking
may also provide conservative results in estimating the ser-
vice life of a structure.
3.1. Bazant’s model
Bazant et al. proposed a numerical model for reinforce-
ment corrosion in concrete, to assess the time to corrosion
that may lead to splitting of cover concrete. The damage
because of corrosion considers the volume of expansion
because of the arrangement of hydrated rust over the
remaining rebar center. This red rust is expansive in nature
and involves four times the volume of guardian steel. Sub-
sequently a uniform spiral weight is applied on to the
encompassing concrete bringing about outward radial
pressure exerted on concrete. This radial pressure is same
as the increment in distance across DD of the rebar, and
increments with an increase in the volume of rust till the
spread solid (cover concrete) splits. As per Bazant’s model,
the time to cover cracking is a component of corrosion
rate, spread profundity, separating (spacing) or perimeter
of the rebar and these are the most signiﬁcant parameters.
tcor ¼ qcor
DDD
pjr
ð1Þ
Here,
tcor-steady state corrosion or propagation period (years).
qcor-combined density factor for steel and rust-3600
kg/m3.
D-diameter of rebar (mm).
DD-increase in diameter of rebar due to rust formation
(cm).
p-perimeter of bar (mm).
jr-instantaneous corrosion rate of rust (g/m
2-s).
Instantaneous corrosion rate of rust can be calculated
from
jr ¼
W
F
icorr ð2Þ
where
W-equivalent weight of steel = 27.925.
F-Faradays constant = 96,847C.
icorr-Corrosion current density (lA/cm
2).The critical time tcr at which corrosion would produce
cracks through the whole cover is given by Eq. (3)
tcr ¼ tp þ tcor ð3Þ
where
tp-the time of depassivation (years).
tcor-steady-state corrosion period (years).
The depassivation time (Bazant et al.) which may be cal-
culated (Eq. (4)) from diﬀusion of chloride ions and tcr is
calculated from Eq. (3).
tp ¼ 1
12Dapp
L
1
ﬃﬃﬃﬃﬃ
Cth
Cs
q
0
B@
1
CA
2
ð4Þ
where
L-cover thickness (mm).
Cth- the threshold value of the chloride concentration
(kg/m3 of concrete).
Cs-the concentration of chloride ions in pores of con-
crete at the surface (kg/m3 of concrete).
Dapp-apparent chloride diﬀusion coeﬃcient (cm
2/s).
The same formulation is adopted to calculate the depas-
sivation time and critical time of cracking for the other
models to predict the service life.3.2. Morinaga’s model
Morinaga suggested a simpliﬁed mathematical model to
register the measure of corrosion (Qcr) of steel in cement,
when concrete cover breaks because of expansion of rust
development on the surface of the rebar. The damage due
to corrosion considers the volume of expansion because
of the development of hydrated rust over the leftover rebar
center. Corrosion rate is the most noteworthy parameter in
deciding the time to cracking of the spread concrete. The
time from start of corrosion to cover cracking is a compo-
nent of corrosion rate, solid clear cover, and steel bar dis-
tance across (Morinaga, 1988). It is apparent that the
experimental mathematical statement does not represent
the mechanical properties of concrete which would alto-
gether inﬂuence the time to cover cracking.
Qcr ¼ 0:602D 1þ
2CV
D
 0:85
ð5Þ
where
Qcr-amount of corrosion when concrete cracks
(104 g/cm2).
Cv-concrete cover thickness (mm).
D-diameter of rebar (mm).
The duration of steady state corrosion, tcor correspond-
ing to Qcr can be obtained as:
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ð6Þ
where
Jr-instantaneous corrosion rate (g/m
2-s).
3.3. Wang and Zhao’s Model
Wang and Zhao have recommended a stage technique
for utilizing limited component examination to focus the
thickness of the corrosion product, D, comparing to the
time term when the surface concrete cracks. Further by
breaking down an extensive number of rebar corrosion
information gathered from research facility and contrast-
ing them and the aftereﬀects of limited component exami-
nation, the researchers established an exact expression to
focus the proportion of thickness of corrosion product,
D, to the penetration depth of the rebar H, comparing to
the crack in spread concrete. The ratio (D/H) (Eq. (7)),
has been communicated as a component of concrete cube
strength fcu, as:
D
H
¼ 0:33 D
CV
 0:565
f 1:436cu ð7Þ
where
D-diameter of reinforcing bar (mm).
Cv-cover thickness (mm).
fcu-cube strength of concrete (kN/cm
2).
D-thickness of corrosion product (cm).
H-cracks in concrete cover.
Using the value of D obtained, the estimation of H relat-
ing to cracks in cover concrete can be obtained. Further the
estimation of H can be utilized to focus the time essential
for longitudinal cracking of cover concrete, tcor as:
tcor ¼ Hpr
ð8Þ
where Pr-penetration rate of rebar due to corrosion can be
calculated from
pr ¼
W
F qst
icorr ð9Þ
where
W-equivalent weight of steel = 27.925.
F-Faraday’s constant = 96,847C.
icorr-Corrosion current density (lA/cm
2).
qst-Density of steel (kg/m
3).
3.4. IRC model
Corrosion propagation time is being evaluated due to
falling pH (IRC). The reason for the falling pH is by pro-
cess of carbonation, or as a consequence of chloride sub-
stance transcending the limit near to the reinforcement.
Some guiding expressions are available in the IRC-SP60to determine the propagation time. If there should arise
an occurrence of generalized corrosion, the basic loss of
bar span is in view of the cover cracking. The propagation
(cracking) time can be inexact by the accompanying for-
mula (Siemes Vrouwenvelder and lair beukel, 1985):
tr ¼ 80CDr ð10Þ
where
C-the thickness of the concrete cover (mm).
D-the diameter of the reinforcing bar (mm).
r-rate of corrosion (lm/year).
tr-steady-state corrosion (years).
The rate of corrosion in concrete can be evaluated using
the equation
r ¼ cT rO ð11Þ
where
cT-the temperature coeﬃcient.
rO-the rate of corrosion at +20 C.
4. Parametric study on existing models
The extent of inﬂuence of input parameters plays an
important role in the outcome of the analysis results in pre-
dicting service life of a structure. In this section, parametric
study on the models summarized in Section 3 has been pre-
sented. Sensitivity of the input parameters associated with
the corresponding model in predicting the remaining ser-
vice life is presented.
4.1. Bazant model
4.1.1. Steady state corrosion period (tcor)
4.1.1.1. Increase in diameter of bar (DD). A bar having
originally diameter D will increase in diameter to DD due
to the formation of hydrated rust over the residual rebar.
DD varies from 0.001 to 0.025 cm (Bazant, 1979). For
example, taking 8 mm dia bar, here the DD varies from
0.001 to 0.0105 cm. At the initial stage of rust i.e.,
0.001 cm, the volume of hydrated rust occupies four times
the volume of parent steel, at that stage the steady state
period or propagation period is nearly around 40 years as
in Fig. 2. As the corrosion progresses gradually increases
the rust formation over the residual rebar i.e., rust around
0.0105 cm, the propagation period nearly around 14 years.
Thereafter, the corrosion process increase, the steady state
corrosion period decreases with an increase in DD.
From Fig. 2, as stated above, steady state corrosion per-
iod is 40 years for 8 mm dia bar at the initial stage of cor-
rosion, as the corrosion process increases say up to
0.0105 cm for 8 mm bar, the period decreases to 14 years.
Similarly for 10 mm bar, rust over the bar varied from
0.002 to 0.021 cm, the steady state period is 79 years at
the initial stage of rust and the rust over the bar increases,
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Figure 2. Steady state corrosion period as a function of increase in diameter of bar.
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bar, rust over the bar varied from 0.003 to 0.022 cm, when
the rust is 0.003 cm, tcor is around 119 years and when the
rust is 0.022 cm, tcor reduces to 30 years. Similarly for 16,
20 and 25 mm bars, the rust over the bar varied from
0.004 to 0.023 cm, 0.005 to 0.024 cm and 0.006 to
0.025 cm, tcor is varied for as the rust formation over the
bar varied. From Fig. 2. it is evident that, the steady state
corrosion period is almost same for 10–25 mm dia bars, at
the ﬁnal stage of rust, since the perimeter of the bar varies
as the rust over the bar varies, comparing to 8 mm dia bar
with other bars, steady state corrosion period is very less as
the perimeter of the bar is also very less for 8 mm bar.
4.1.1.2. Corrosion rate (jr). The corrosion rate is measured
in terms of corrosion current density (icorr). The current for
8 mm dia bars varies from 0.05 lA to 2 lA or corrosion
current density (0.12 lA/cm2 to 3,0 lA/cm2) (Bazant,
1979). At the initial stage of rust, the current density is
0.1 lA/cm2. As the current density increases, the rust for-
mation over the bar increases and tcor decreases as in
Fig. 3. The corrosion current density varies from
0.12 lA/cm2 to 5.0 lA/cm2 for all diameter bars. Here,
the corrosion current density is same for all size bars
(0.12 lA/cm2 to 3,0 lA/cm2). We can vary the current den-
sity for diﬀerent size of bars, as the current density varies,
tcor decreases. Suppose we keep the current density com-
mon for all dia, as in Fig. 3, the period is almost same at
the ﬁnal stage for all dia bars. So we can conclude that,
if the current density varies, tcor decreases for all dia bars.
4.1.1.3. Perimeter of rebar (p). The perimeter of rebar is
varied as the rust over the bar varies, for a particular diaof bar(pD). The perimeter of the bar goes on decreasing
as rust increases over the bar and also varies for corrosion
current density. From Fig. 4, it is observed that, tcor
depends on perimeter of the bar. For 8 mm bar the perime-
ter is less compared to other dia bars, therefore tcor is also
less. As the perimeter of the bars varies, tcor increases.
4.1.2. Depassivation time (tp)
4.1.2.1. Cover thickness (L). Cover depth has a signiﬁcant
eﬀect in case of corrosion due to penetration of either chlo-
ride or carbonation. It is well known that, the cover thick-
ness has a large eﬀect on the time of cracking. As the cover
thickness goes on decreasing, the service life of the struc-
ture also decreases. Here we vary the cover thickness from
15 mm to 40 mm, tp increases with an increase in cover
thickness as in Fig. 5. whereas the critical time of cracking
also increased.
4.1.2.2. Apparent diﬀusion coeﬃcient (Dapp). The diﬀusion
coeﬃcient of chloride ions is aﬀected by many factors, such
as temperature, and humidity. The diﬀusion coeﬃcient of
chloride ions vary from (0.45 cm2/year to 6 cm2/year)
(Sadiqual Islam). As the diﬀusion coeﬃcient increases,
the depassivation time also increases as in Fig. 6.
4.1.2.3. Threshold chloride ion concentration (Cth). The Cth
varies from (2.0 kg/m3 to 8 kg/m3) (Sadiqual Islam). The tp
increases with an increase in Cth also has a large eﬀect on
the time to cracking. As in Fig. 7. tp is 1.2 years for
8 mm bar and 2.12 years for 10 mm bar, 3.31 years for
12 mm bar, 4.76 years for 16 mm bar, 6.48 years for
20 mm bars and 8.46 years for 25 mm bars (Fig. 7). As
the Cth increases, tp also increases.
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Figure 3. Steady state corrosion period as a function of corrosion rate.
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centration of chloride ions in pores of concrete at the sur-
face varies from (12 kg/m3 to 25 kg/m3) (Sadiqual Islam).
The concentration of chloride ions has eﬀect on time of
cracking as chloride ion increases. The tp increases with
an increase in the bar dia and increase in the concentration
of chloride ions (see Fig. 8).Varying all the parameters as mentioned above, the crit-
ical time tcr at which corrosion would produce cracks
through the whole cover is calculated, Fig. 9 shows the plot
of tcr as a function of jr. The period is almost same at the
ﬁnal stage for all dia bars. So we can conclude that, if
the current density varies, tcor decreases for all dia bars.
At the initial stage of rust, the current density is 0.1 lA/
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Figure 5. Depassivation time as a function of cover concrete thickness.
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Figure 6. Depassivation time as a function of apparent diﬀusion coeﬃcient.
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increase icorr up to 2.95 lA/cm
2, the service life decreases
to 15 years. Similarly for 10 mm dia bars service life
decreases from 81 years to 32 years, for 12 mm dia bars ser-
vice life decreases from 122 years to 35 years, for 16 mm
dia bars service life decreases from 164 years to 38 years,
for 20 mm dia bars service life decreases from 205 years
to 22 years and for 25 mm dia bar service life decreases
from 247 years to 47 years.4.2. Morinaga’s model
4.2.1. Steady state corrosion period (tcor)
4.2.1.1. Cover thickness (Cv). Cover thickness is one of the
parameters which will aﬀect the service life of structures. As
the cover thickness is constant for the particular rebar, the
amount of corrosion when concrete cracks remain constant
for that particular rebar, the amount of corrosion increases
with change in dia of rebar and the variation of amount of
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Fig. 10.4.2.1.2. Corrosion rate (jr). Corrosion current density for
morniga’s model varies form 0.1 lA/cm2 to 6 lA/cm2
(Bazant, 1979). At the initial stage of rust expansion over
the rebar, the current density was measured as 0.9 lA/
cm2, for that current density, the tcor is 54 years for8 mm, 75 years for 10 mm, 96 years for 12 mm, 123 years
for 16 mm, 150 years for 20 mm and 180 years for 25 mm
bar. As the current density increases the rust expansion
over the bar increases with a decrease in tcor as in Fig. 11.4.2.2. Depassivation time (tp)
The value of depassivation time after varying the param-
eters like Dapp, Cth, Cs and cover thickness, the critical time
0 50 100 150 200 250
0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1
x 10-3
Critical time of cracking of remaining service life (tcr),years
Co
rr
os
io
n 
ra
te
(jr)
Critical time of cracking of remaining service life as a function of corrosion rate
8mm
10mm
12mm
16mm
20mm
25mm
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Figure 10. Depassivation time as a function of cover concrete thickness-Morinaga’s model.
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whole cover is calculated. Fig. 12 shows the variation of
tcr as a function of jr.
Varying all the parameters as mentioned above, the crit-
ical time tcr at which corrosion would produce cracks
through the whole cover is calculated, Fig. 12 shows the
plot of tcr as a function of jr. The period is almost same
at the ﬁnal stage for all dia bars. So we can conclude that,if the current density varies, tcor decreases for all dia bars.
At the initial stage of rust, the current density is 0.9 lA/
cm2, service life for 8 mm dia bar is 54.2 years, ﬁnally if
we increase icorr up to 5.90 lA/cm
2, the service life
decreases to 9.5 years. Similarly for 10 mm dia bars service
life decreases from 76.3 years to 14.3 years, for 12 mm dia
bars service life decreases from 98.6 years to 19.8 years,
for 16 mm dia bars service life decreases from 126.6 years
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Figure 11. Steady state corrosion period as a function of corrosion rate-Morinaga’s model.
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154.9 years to 34.5 years and for 25 mm dia bar service life
decreases from 186.2 years to 43.1 years.
4.3. Wang and Zhao’s model
4.3.1. Steady state corrosion period (tcor)
4.3.1.1. Cracks in concrete cover (H). The cracks in cover
concrete are important parameters in the steady state cor-rosion period for predicting the remaining service life.
Cracks in concrete cover depend on cover thickness, dia
of bar, cube strength of concrete and thickness of corrosion
product. In this model the thickness of corrosion product
obtained using ﬁnite element model, but we have assumed
the value in this study. In order to calculate H, cube
strength of concrete assumed as 2.5 kN/cm2. The cover
thickness is varied from 10 mm to 60 mm for diﬀerent
bar sizes. The thickness of corrosion product varied from
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with an increase in thickness of corrosion product.4.3.1.2. Concrete cover (Cv). Here we vary the cover thick-
ness from 10 mm to 60 mm; and keeping cube strength of
concrete as constant, it is observed that, as cover thickness
increases, the steady state corrosion period increases as in
Fig. 13; with an increase in critical time of cracking.
Zhao’ model4.3.1.3. Penetration rate due to corrosion. The penetration
rate is measured in terms of corrosion current density
icorr. Icorr for this model varies from 0.05 lA/cm
2 to
1.05 lA/cm2. At the initial stage of cracks in concrete cover
over the rebar, the current density was 0.05 lA/cm2, for
that current density, tcor is 24 years for 8 mm, 27 years for
10 mm, 29 years for 12 mm, 31 years for 16 mm, 32 years
for 30 mm and 34 years for 25 mm dia bar. As the current
density increases with increase in the cracks in concrete
cover with decrease in tcor is plotted in Fig. 14. As the cor-
rosion current density gradually increases the steady state
corrosion period decreases as shown.4.3.2. Depassivation time (tp)
The value of depassivation time subjected to parameters
like Dapp, Cth, Cs and cover thickness are as shown. The
critical time of cracking is calculated by varying all the
parameters as mentioned above, at which corrosion would
produce cracks through the whole concrete cover. Fig. 15
shows the variation of tcr as a function of penetration rate.
Varying all the parameters as mentioned above, the crit-
ical time tcr at which corrosion would produce cracks24 25 26 27 28
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Figure 13. Steady state corrosion period as a functionthrough the whole concrete cover is calculated, Fig. 15
shows the plot of tcr as a function of jr. The period is almost
same at the ﬁnal stage for all dia bars. So we can conclude
that, if the current density varies, tcor decreases for all dia
bars. At the initial stage of rust, the current density is
0.05 lA/cm2, service life for 8 mm dia bar is 24.75 years,
ﬁnally if we increase icorr up to 1.05 lA/cm
2, the service life
decreases to 2.99 years. Similarly for 10 mm dia bars ser-
vice life decreases from 27.89 years to 3.63 years, for
12 mm dia bars service life decreases from 30.24 years to
4.31 years, for 16 mm dia bars service life decreases from
34.19 years to 5.93 years, for 20 mm dia bars service life
decreases from 38.1 years to 8.02 years and for 25 mm dia
bar service life decreases from 45.5 years to 12.22 years.4.4. IRC model
4.4.1. Steady state corrosion period (tcor)
4.4.1.1. Concrete cover (c). Here we vary the cover thick-
ness from 15 mm to 60 mm; it is observed that, as cover
thickness increases the steady state corrosion period
decreases as in Fig. 16; cover thickness is one of the factors,
which aﬀects the cracking and spalling of the concrete due
to the reinforcement corrosion.4.4.1.2. Rate of corrosion (r). The rate of corrosion is
assumed (5–100 lm/year) for calculating the steady state
corrosion period, as the rate of corrosion increases the cor-
rosion period decreases. When the rate of corrosion is
5 lm/year, the corrosion period is 20 years for 8 mm bar,
24 years for 10 mm, 27 years for 12 mm, 35 years for
16 mm, 37 years for 20 mm and 39 years for 25 mm bar.29 30 31 32 33 34
sion period (tcor),years
a function of concrete cover thickness
of cover concrete thickness-Wang & Zhao’ model.
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Figure 14. Steady state corrosion period as a function of penetration rate-Wang & Zhao’s model.
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Figure 15. Critical time of cracking of remaining service life as a function of penetration rate-Wang & Zhao’s model.
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decreases and the eﬀect of corrosion period with rate of
corrosion is as shown in Fig. 17.
4.4.2. Depassivation time (tp)
The value of depassivation time subjected to the param-
eters like Dapp, Cth, Cs and concrete cover thickness.Varying all the parameters as mentioned above, the crit-
ical time tcr at which corrosion would produce cracks
through the whole cover is calculated. Fig. 18 shows the
plot of tcr as a function of jr. The period is almost same
at the ﬁnal stage for all dia bars. So we can conclude that,
if the current density varies, tcor decreases for all dia bars.
At the lowest penetration rate i.e. when penetration rate
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Figure 16. Steady state corrosion period as a function of cover concrete thickness-IRC model.
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ﬁnally if penetration rate increase up to 100 lm/year, the
service life decreases to 1.31 years. Similarly for 10 mm
dia bars service life decreases from 25.19 years to
1.89 years, for 12 mm dia bars service life decreases from
28.78 years to 2.56 years, for 16 mm dia bars service life
decreases from 41.48 years to 5.52 years, for 20 mm dia
bars service life decreases from 46.71 years to 8.03 years0 5 10 15
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Figure 17. Steady state corrosion period asand for 25 mm dia bar service life decreases from 57.44
years to 13 years.
5. Case study
The purpose of this section is to illustrate some of the
case study examples in order to compare the eﬀectiveness
in predicting the remaining service life of RC structures20 25 30 35 40
ion period (tcor),years
unction of rate of corrosion in concrete
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a function of corrosion rate-IRC model.
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Figure 18. Critical time of cracking of remaining service life as a function of corrosion rate-IRC model.
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tainty associated with the input parameters which will vary
usually with space and time.
Case study-1: service life prediction of a Vachon bridge
barrier wall
In 1996, the service of transportation of Quebec
attempted the rehabilitation of the vachon span bridge,
which is a noteworthy interstate scaﬀold in Laval canada
(Cusson et al., 2011). The part of the recovery comprise
of remaking the extremely corroded solid boundary walls,
of ten 34 m compasses were chosen for the application
and assessment of diverse corrosion hindering frameworks.
The obstruction divider support comprised of bars of
15 mm diameter. The concrete had a 0.36 w/c ratio to guar-
antee low porousness, a 450 kg/m3 of cement content, and
mean 28 day strength of 45 MPa. On location studies of the
obstruction divider were performed yearly from 1997 to
2006 including estimations of rate of corrosion and corro-
sion potential and concrete electrical resistivity in the hin-
drance divider, of which the cover concrete thickness was
75 mm, permitting extra corrosion estimations to be taken
(see Fig. 19).
At a profundity of 75 mm in the solid boundary wall,
the models anticipated concrete spalling to happen after
20 years of exposure, in light of the moderate rate of corro-
sion icorr of 0.5 lA/cm
2. In fact, the mean corrosion rates
measured after 10 years in the solid boundary walls of a
bridge (near splits) were 0.25 lA/cm reinforcement and
0.3 lA/cm2, for the 25 mm profound test rebar. With thisﬁeld information, and expecting a base chloride ion con-
centration of 1.8 kg/m3 for 75 mm deep bars, the models
anticipated the onset of spalling after no less than 25 years
for 75 mm deep bars. The mean estimations of the diverse
parameters are as in the Tables 1 and 2.
As speciﬁed over, the signiﬁcant uncertainty and vari-
ability connected with the main parameters governing the
service life of RC structures subjected to aggressive envi-
ronments oblige the utilization of mathematical models
for a dependable expectation of their remaining service life.
The models exhibited in Section 3 oblige information for
distinctive parameters to ﬁgure the remaining service life.
Table 3 gives the service life of a RC bridge barrier wall
for the parameters speciﬁed above with the current models.
Case study-2: service life prediction of a Tzyh-chyang
bridge Taiwan
The Tzyh-chyang bridge was completed in 1980 (Liang
et al., 2009). This extension ﬁnds 34k + 558 of Taiwan-19
line and walks over the Jwo-shosi stream for associating
the Chang hua and Yun-lin counties. This bridge has 48
gaps, downright length 2224 m, and width 14.8 m the mean
values of the parameters considered for the study are men-
tioned in the Tables 4–6.
Case study-3: service life prediction of a Dah-duh bridge
Taiwan
The Dah-duh bridge was completed in June 1969 (Liang
et al., 2009). This bridge ﬁnds 181K + 435 of Taiwan1 line
Figure 19. Cross-section of reconstructed RC bridge barrier wall (Vachon bridge, Laval, Canada). (Cusson et al., 2011).
Table 1
Surface chloride content for diﬀerent corrosive environment (Weyers,
1998).
Severity Apparent surface chloride content (kg/m3)
Low 0.0–2.4
Medium 2.4–4.7
High 4.7–5.9
Severe 5.9–8.9
Table 2
Mean values of input parameters for case study-1 example.
Parameter Literature data (case 1-A) Field data (case 1-A)
D 15 mm 15 mm
C 75 mm 75 mm
icorr 0.25 lA/cm
2 0.25 lA/cm2
Dc 0.63 cm
2/year 1.17 cm2/year
Cs 22.7 kg/m
3 of concrete 10.8 kg/m3 of concrete
Cth 1.8 kg/m
3 of concrete 7.7 kg/m3of concrete
Table 3
Remaining service life of RC bridge barrier wall, Vachon Bridge.
Sl.
no
Case study Service life prediction tcr years
Bazant
model
Morinaga’s
model
Wang & Zhao’s
model
IRC
model
1 Case study
1-A
162 110 158 34
2 Case study
1-B
313 261 309 185
Table 4
Mean values of input parameters for
case study-2 example.
Parameter Values
D 19 mm
C 50 mm
icorr 0.12 lA/cm
2
Dc 0.77 cm
2/
year = 2.44  106 mm2/s
Cs 25 kg/m
3 of concrete
Cth 8 kg/m
3 of concrete
k 1.0  102
fcr 2.0
m 0.18
jr 1.5  1015 g/m2-s
qcor 3600 kg/m
3 = 3.6 g/cm3
s 10 cm
do 12.5 lm = 12.5  103 mm
Table 5
Remaining service life of Tzyh-Chyang Bridge, Taiwan.
Case
study-2
Service life prediction tcr, years
Bazant
model
Morinaga’s
model
Wang & Zhao’s
model
IRC
model
322 170 223 32
Table 6
Mean values of input parameters for
case study-3 example.
Parameter Values
D 19 mm
C 40 mm
icorr 0.33 lA/cm
2
Dc 0.77 cm
2/year
Cs 25 kg/m
3
Cth 8 kg/m
3
k 1.0  102
fcr 2.0
m 0.18
jr 1.5  1015 g/m2-s
qcor 3600 kg/m
3 = 3.6 g/cm3
s 10 cm
do 12.5 lm = 12.5  103 mm
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chung and Chang-hua areas and Chang-hua counties.
The total length of the bridge is 1000 m and width 30 m.
From the information gathered amid the ﬁeld learn at
the Dah-duh span, it is conceivable to gauge the critical
time of cracking, using the prediction models and service
life predicted from each of the model (Tables 7 and 8).
Table 7
Remaining service life of Dah-duh Bridge, Taiwan.
Case study-3 Service life prediction tcr, years
Bazant model Morinaga’s model Wang & Zhao’s model IRC model
121 58 76 26
Table 8
Comparison of remaining service life predicted from diﬀerent models for case study examples.
Sl. No. Location Year Remaining service life tcr, years
Bazant model Morinaga’s model Wang & Zhao’s model IRC model
1 Vachon bridge, Laval, Canada (Case-i) 1997 162 110 158 34
2 Vachon bridge, Laval, Canada (Case-ii) 1997 313 261 309 185
3 Tzyh-chyang bridge, Taiwan 1980 322 170 223 35
4 Dah-duh bridge, Taiwan 1969 121 58 76 26
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(1) Based on the comparison studies of corrosion dam-
age models for predicting service life it is observed
that that models are good in predicting service life
for time from corrosion initiation to corrosion
cracking.
(2) It is evident that cover thickness has a critical impact
if there should be an occurrence of corrosion because
of either chloride ion or carbonation. Concrete cover
is one of the variables, which inﬂuences the cracking
and spalling of the concrete because of the corrosion
of reinforcement, as the thickness of cover concrete
builds, the service life of RC bridge increments.
(3) From the case studies, it is observed that the service
life of RC bridges using IRC model is comparatively
less than that of other existing models. Also it is
noted that other models are giving comparatively
similar results for the service life prediction of exist-
ing RC bridges.
(4) The existing Bazant’s model considers only eﬀect of
nominal perimeter of bar for calculating the steady
state corrosion period. Also for further study, the
eﬀect of surface area of the rib of bar can be consid-
ered for calculating the corrosion period.
(5) The above variables and other key parameters (e.g.
cover concrete thickness) do ﬂuctuate impressively
in space and/or time, and some of these can’t be mea-
sured precisely. Generally high coeﬃcients of variety
somewhere around 20% and 40% have been measured
in the ﬁeld.
(6) For the case study, it was demonstrated that a per-
centage of the key information that are used as a part
of service life prediction models could be altogether
diﬀerent from reality because of their high variability
and vulnerability. Case in point, estimations of evi-
dent chloride content in concrete were measured upto 23 kg/m3, which is around 2.5 times higher than
the greatest qualities proposed in the literature for
the most serious presentation to deicing salts.
(7) The analytical models presented in Section 3 oblige
data information on four principle variables (i.e. sur-
face chloride content, chloride dispersion coeﬃcient,
chloride limit, and corrosion rate) for the determina-
tion of diverse point of conﬁnement states along the
life cycle of an extension deck, including early-age
splitting, onset of corrosion, inward/surface cracking,
spalling and delamination.
(8) The consequences of this examination may give a pre-
mise to repair, strengthening, and retroﬁtting of exist-
ing RC spans.
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